We have explored a unique combination therapy for metastatic colorectal cancer. This strategy combines a potent and new oncolytic poxvirus expressing a membranebound tumor necrosis factor-related apoptosis-inducing ligand (TRAIL or TNFSF10) and oxaliplatin (Ox) chemotherapy. We hypothesized that TRAIL expression would increase the efficacy of the oncolytic poxvirus, and that the therapeutic efficacy would be further enhanced by combination with chemotherapy. The cytotoxicity to cancer cells by Ox, oncolytic vaccinia virus (VV) and trail gene-armed VV alone or in combination was tested in vitro. The trail gene armed oncolytic VV-expressed high levels of TRAIL in infected cancer cells and had greater potency as a cytotoxic agent compared with the parent VV. Ox alone exerted concentration-dependent cytotoxicity. In vitro, the combination of the two agents applied at suboptimal concentrations for individual therapy displayed synergy in inducing cancer cells into enhanced levels of apoptosis/necrosis. Western blot analyses were consistent with the notion that TRAIL induced cancer cell death mainly through apoptosis, whereas Ox and vJS6 induced cell death more through nonapoptotic death pathways. In two aggressive colorectal carcinomatosis models derived from human HCT116 and murine MC38 cells, the combination therapy displayed synergistic or additive antitumor activity and prolonged the survival of the tumor-bearing mice compared with either Ox chemotherapy or vvTRAIL-mediated oncolytic gene therapy alone. This combination strategy may provide a new avenue to treating peritoneal carcinomatosis and other types of metastases of colorectal cancer.
Introduction
Colorectal cancer is the third most common type of cancer in Western countries. It is estimated that 148 810 Americans will be diagnosed with colorectal cancer, and 49 960 will die of this disease in 2008. 1 About 20% of patients diagnosed with colorectal cancer will have distant metastasis (stage IV) at the time of diagnosis. Following decades during which 5-fluorouracil was the mainstay of chemotherapy for metastatic colorectal cancer, new drugs have been introduced into the clinical armamentarium over the past 10 years. These drugs include the chemotherapeutic agents oxaliplatin (Ox) and irinotecan, and the biological agents bevacizumab and cetuximab. 2, 3 In the adjuvant setting, adding Ox to the LV5FU2 regimen has significantly improved 5-year disease-free survival and 6-year overall survival for patients with stage II or III colon cancer. 4 Systemic chemotherapy, however, is not particularly effective or has not been completely evaluated for the treatment of peritoneal carcinomatosis in colorectal cancer patients. 5 Complete surgical resection of colorectal peritoneal carcinomatosis followed by hyperthermic intraperitoneal chemotherapy has resulted in a 2-year survival rate of up to 60%. [6] [7] [8] Although there has been encouraging progress, there is obviously room for improvement and an impetus for the development of novel targeted biological therapies, using either single agents or agents in combination.
We and other investigators have explored gene therapy, oncolytic virotherapy and chemotherapy, in the form of either mono-or dual therapy for cancer treatment. [13] [14] [15] [16] We have genetically engineered an oncolytic vaccinia virus (VV) to enhance its tumor-selective replication and retain its efficacious oncolytic potency, as demonstrated previously in murine colorectal cancer models. [16] [17] [18] Oncolytic vaccinia virus has now been shown to be very promising in preclinical models and in clinical trials in cancer patients. [9] [10] [11] [12] We have also sought to improve the efficacy of the oncolytic VV by taking advantage of its powerful promoters to force expression of death ligands or immunostimulatory molecules, thereby eliciting a bystander effect. One death ligand in particular which we have investigated is tumor necrosis factor-related apoptosis-inducing ligand (TRAIL). TRAIL is a transmembrane protein belonging to the tumor necrosis factor superfamily, and it has been actively explored for delivery as either a soluble protein or as a gene therapy product for cancer treatment. 19, 20 TRAIL induces apoptotic or non-apoptotic cell death by cross-linking either of the two functional TRAIL receptors (DR4 or DR5) that each contain a death domain. Activation of these domains leads to formation of the death-inducing signaling complex. Further activation of signaling molecules downstream results in the activation of a protease cascade, which culminates in cell death. DcR1 and DcR2 serve as decoy receptors, and do not signal deathinducing signaling complex formation when ligated by TRAIL. 20, 21 In mice, there is only one functional receptor DR5. 22 Using adenoviral vectors for TRAIL expression, we and others have shown that TRAIL displays strong antitumoral activity and can function to kill non-infected cells through bystander effects. 23, 24 Recent studies have indicated a predominance of TRAIL resistance in primary human tumor cells. The mechanisms of this resistance have been studied. 25, 26 This resistance can be overcome by sensitizing the cells to TRAIL-induced apoptosis by treatment with biologic agents or chemotherapy. 14, 15, 25, 26 Combination strategies are, therefore, often necessary to achieve a significant cytotoxic effect. In developing combination therapies, synergism between agents is sought to reduce the dose of each agent, thus minimizing toxicity while maximizing the therapeutic effect of the combination.
Platinum agents are among those chemotherapeutics shown to sensitize cancer cells to TRAIL-induced apoptosis. Ox is a new diaminocyclohexane platinum derivative with clinical utility in the treatment of patients with colorectal cancer. Ox can block DNA transcription and replication by covalently binding to form interstrand and intrastrand DNA cross-links, ultimately leading to cell death. As a single-agent, Ox is generally well tolerated. Ox combination chemotherapy is the first-line treatment for patients with metastatic colorectal cancer. 2, 3 In this study, we hypothesized that combination therapy consisting of the oncolytic VV-expressing TRAIL and Ox would work synergistically against colorectal cancer models. VV is oncolytic and replicates selectively in cancer cells. As noted above, expression of TRAIL may improve the efficacy of VV by eliciting a bystander effect. Ox may enhance the cytotoxicity further by sensitizing the cancer cells to TRAIL-induced apoptosis. [27] [28] [29] [30] [31] Our current results from studies with colorectal cancer cells in vitro and with both murine and human colorectal carcinomatosis models in vivo have demonstrated that the combined therapy worked synergistically in vitro to inhibit cell proliferation and significantly prolonged survival in the in vivo models.
Results

Human and murine colorectal cancer cells express functional receptors for TRAIL
Cancer cells can be resistant to TRAIL-mediated killing because of the lack of expression of functional TRAIL receptors. In order to select suitable colorectal cancer models for this study, we first surveyed the expression of TRAIL receptors in human and murine colorectal cancer cell lines (Figure 1 ). DLD1 and HCT116, two human colorectal cancer cell lines, express both functional and decoy TRAIL receptors. HCT116 cells express high levels of the functional receptor, DR4, whereas DLD1 cells express high levels of DR4 and DR5. In terms of decoy receptors, DcR2, but not DcR1, is highly expressed in both human colorectal cancer lines. It has previously been shown that there is only one functional murine TRAIL receptor, DR5. 22 Indeed, MC38 murine colon cancer cells express this receptor. The murine decoy receptors DcR1 and DcR2 in MC38 cells were below the level of detection. Treatment with Ox or VV (vJS6) did not alter TRAIL receptor expression in any of these cancer lines (data not shown).
Construction of vvTRAIL and TRAIL expression in the virus-infected cancer cells
We have constructed a new recombinant VV expressing the membrane-associated TRAIL molecule. Using flow cytometry, we confirmed viral expression of the membrane-associated TRAIL molecule in infected DLD1 cells ( Figure 2 ). As shown, the DLD1 colorectal cancer cells did not express TRAIL. Infection of the cells with vvTRAIL at multiplicity of infection (MOI) of 0.25 led to significant levels of TRAIL on the cell surface, with peak at 18 hours post infection (hpi). Co-treatment with Ox (at 1.0 mg ml À1 ) did not affect the expression of TRAIL during the duration of the experiment (24 h). Viral infection of cells treated with a pan-caspase inhibitor (z-VAD) did not lead to a significant increase of TRAIL expression. Neither treatment of cells with the control virus vJS6 nor with Ox led to the overexpression of TRAIL. A similar pattern of TRAIL expression was seen whether viewed as mean fluorescence intensity (Figure 2a ) or percentage of TRAIL-positive cells (Figure 2b ). These results clearly indicate that the virus expressed the cell surface-associated TRAIL protein in infected cancer cells. 
Combination of vvTRAIL and Ox enhanced the cytotoxicity to cancer cell in vitro
We assessed the in vitro cytotoxicities of both single agent and combination therapies in two human and one murine colorectal cancer lines ( Figure 3 ). The effect on viral cytotoxicity to cancer cells by TRAIL expression was examined by comparing the killing effect of vvTRAIL to that of vJS6, a control VV. The cancer cell lines varied in their susceptibility to VV-induced cytotoxicity, evidenced by the half-maximal inhibitory concentration (IC50) values for vJS6. DLD1 and HCT116 are relatively resistant to vJS6, whereas MC38 cells are quite sensitive ( Figure 3A ). Thus, lower ranges of viral doses were used in MC38 cells.
Choosing the suboptimal doses for singular agents Ox, vJS6 or vvTRAIL, we compared the inhibitory effects of cell viability by mono and dual treatments ( Figure 3B ). A few interesting observations were made. DLD1 cells were sensitive to cytotoxicity induced by vvTRAIL, but not to either Ox alone or oncolytic lysis by vJS6 itself. HCT11 cancer cells were quite sensitive to Ox alone, but not sensitive to VJS6 or vvTRAIL. In contrast, MC38 cancer cells were sensitive to vJS6 alone, but not to Ox. Based on the formulation by Chou and Talalay, 32 we have calculated the combination index (CI) values of the combination effects by Ox and VV ( Figure 3C ). In DLD1 cancer cells, CIs from both combinations (Ox+vJS6, and Ox+vvTRAIL) were o1.0, indicating a synergism between the two agents. In HCT116 cancer cells, Ox and vvTRAIL produced a synergistic effect, whereas combining Ox and vJS6 might generate an antagonistic effect (CI 41.0). It is interesting to note that in MC38 cells, the two combinations most likely generate additive effects (CI values close to 1.0 with large standard deviation values).
We also estimated the IC50 values of vvTRAIL in combination with increasing doses of Ox ( Figure 3D ). We observed a gradual reduction of the viral dose of vvTRAIL with increasing doses of Ox in both DLD1 and HCT116 cancer cells, but not in MC38 cancer cells. These results are consistent with those for cell viability and CI values ( Figures 3B and C) .
In summary, Ox-sensitized DLD1 and HCT116 cells to the cytotoxic effects of vvTRAIL, as evidenced by a reduction in the IC50's of vvTRAIL for these cell lines. The combination of the two agents generated synergistic effects in these two cancer cell lines. In contrast, such a synergistic effect was not clearly seen for the MC38 cell line. It is mostly likely an additive effect in MC38 cancer cells.
Combination treatment induced enhanced cell death in cancer cells
To study the mode of cell death in the single agent or combination-treated cells, we first used annexin V-phycoerythrin and 7AAD staining ( Figure 4 ). Staining with annexin V indicates cells are in the early stages of apoptosis, whereas staining with 7AAD indicates late stage of apoptosis or necrosis. As we see for DLD1 cells, a baseline total of upto 11.0% cells were in apoptosis/ necrosis in a healthy population of mock-treated cells. This percentage was similar at 7.3% in Ox-treated cells, but increased to 21.7% in vJS6-infected cells and 52.5% in vvTRAIL-treated cells. Although combination treatment of Ox plus vJS6 increased this percentage to 29.7%, the other combination of Ox and vvTRAIL increased this number more dramatically, to 71.5%. We have also conducted similar studies with HCT116 and MC38 cancer cells, and similar patterns of apoptosis/necrosis were observed (Supplementary Figure 1) .
As it has previously been shown that the mitochondria-dependent (type II) signaling pathway has a major role in TRAIL or cisplatin-TRAIL combination-induced apoptosis of cancer cells, 25, 33, 34 we decided to explore the potential regulation of a panel of anti-apoptotic and pro-apoptotic proteins involved in the signaling pathway in our mono-and combination therapies. We selected four representative molecules in the type II signaling pathway: Bcl-xL for anti-apoptotic proteins, Bak for proapoptotic proteins and cleavage of caspase-8 and poly (ADP-ribose) polymerase (PARP) for the execution of the apoptosis process. The cleavage of both caspase-8 and PARP occur quite early in apoptotic signaling and thus are involved in both type I (mitochondria-independent) (Figure 5a ). At 24 h after treatment, Bcl-xL was reduced in cancer cells treated with vvTRAIL, Ox+vvTRAIL or the control drug etoposide (lanes 4, 6 and 7, respectively). In contrast, the pro-apoptotic protein Bak was induced in these three treatments. At this point, neither Bcl-xL nor Bak was up-or downregulated in cells treated with Ox, vJS6 or the combination. The transient burst and then proteolytic cleavage of PARP by caspases is a hallmark of apoptosis and it prevents induction of necrosis during apoptosis and ensures appropriate execution of caspasemediated programmed cell death. A significant increase of cleaved PARP (89 kDa) was observed in cells treated with vvTRAIL or Ox+vvTRAIL (lanes 4 and 6).
We further examined the kinetics of the PARP cleavage in the cancer cells (Figure 5b ). At 12 h, there were low levels of cleaved PARP in all samples. At 18 h, there was an increased level of cleaved PARP in vvTRAIL-treated cells. However, a more dramatic increase in cleaved PARP was seen in Ox+vvTRAIL-treated cells (lane 6). This process plateaued by 24 h. At 48 h, cleaved PARP reduced to basal levels in vvTRAIL-treated cells, and it was undetectable in Ox+vvTRAIL-treated cells because essentially all cells were dead. The etoposide-treated cancer cells showed a peak expression of cleaved PARP It is interesting to observe that cancer cells treated with Ox, vJS6 or the combination of these two agents did not show much change in Bcl-xL and Bak, and not much cleavage of either caspase-8 or PARP. We were initially surprised at these results. However, upon closer examination, it seems our data could be consistent with previous findings. First, the single agent (Ox or vJS6) at the suboptimal doses did not cause a lot of cell death in DLD1 cells ( Figure 3B) ; and second, it has been shown that Ox triggers more necrosis than apoptosis in cancer cells including colorectal cancer cells. 35, 36 As for vJS6, our previous study has shown that oncolytic VV can induce both necrosis and apoptosis. 18 Thus, it is not surprising that there was not much change in those apoptotic proteins in cancer cells treated with either Ox or vJS6. In summary, single agent of Ox or vJS6 caused small quantities of cell death at suboptimal doses, whereas the combination of these agents may enhance cell death, but they may induce cell death through non-apoptotic as well as apoptotic signaling pathways.
Regional treatment with vvTRAIL and Ox-increased survival in in vivo carcinomatosis models
Colorectal peritoneal carcinomatosis is a frequent and very lethal event. [6] [7] [8] We chose to test the efficacy of the Ox and vaccinia virus combinations in models of peritoneal carcinomatosis. We developed two aggressive colorectal peritoneal carcinomatosis models (MC38 and HCT116) and treated them at a stage when tumors were well established. Both the HCT116 and MC38 carcinomatosis models are very aggressive and lethal, resulting in 100% mortality of the untreated mice within 30 days. In both models, we observed peritoneal carcinomatosis within 1 week of intraperitoneal tumor cell inoculation, and we began treatment of MC38 tumor at day 7 and HCT116 tumor on day 12 ( Figure 6 ).
Even with such aggressive, well-established tumors, we observed a survival advantage both in some single agent-treated groups and in the combination-treated groups. In the HCT116 model in the athymic nude mice (Figure 6a ), treatment with single agents Ox (Po0.837), vJS6 (Po0.401) or vvTRAIL (Po0.636) did not result in any survival advantages compared with control (untreated) mice. However, Ox in combination with either vJS6 (Po0.045) or vvTRAIL Po0.0025) resulted in significantly longer survival compared with no treatment. Furthermore, the greatest benefit in terms of survival was seen with combination treatment with Ox and vvTRAIL. Treatment with this combination resulted in which achieved significantly longer survival than treatment with vvTRAIL alone (Po0.0075) or treatment with the combination of Ox and vJS6 (Po0.0001).
In the MC38 tumor model in syngeneic C57BL/6 mice (Figure 6b ), the greatest survival advantage was seen with combination treatment with Ox and vvTRAIL (Po0.0075 vs control). This difference in survival was significantly better than with Ox (Po0.019), vJS6 (Po0.031) or vvTRAIL (Po0.01) alone. However, more Combination therapy for colorectal carcinomatosis MF Ziauddin et al complex results have been obtained in this tumor model. It appears that there may be some degree of antagonism between chemotherapy and oncolytic virotherapy (Ox and vJS6), as mice treated by vJS6+Ox exhibited decreased survival compared with those treated by vJS6 alone. These data are also supported by the in vitro results ( Figure 3C ). In MC38 cancer cells in vitro, there was a small antagonism between vJS6 and Ox (CI ¼ 1.04), whereas a small synergism between vvTRAIL and Ox (CI ¼ 0.90). It is likely that these effects are having a role in the observed lack of statistically significant difference in mice treated with 'vvTRAIL+Ox' vs those treated with 'vJS6+Ox' (Po0.093). Nevertheless, the combination of vvTRAIL+Ox was still far better than any monotherapy in this tumor model.
Discussion
Genetically engineered tumor-selective oncolytic VV has been shown to be effective in both tumor models and in a phase I clinical trial. 9, 10, 12, 17, 18, [37] [38] [39] [40] To further enhance its oncolytic potency, the oncolytic VV can be armed with genes such as a death ligand to produce a bystander effect. TRAIL is a death ligand which has been extensively studied during the last decade. Many studies have explored a strategy of direct induction of apoptosis of cancer cells by targeting death receptors using a recombinant soluble TRAIL protein or agonistic anti-DR4 or anti-DR5 monoclonal antibodies. This approach has been quite appealing, and a few clinical trials for the treatment of cancer using such strategies are underway. [19] [20] [21] An alternative therapeutic strategy is to deliver the TRAIL gene to cancer cells using tumor-selective viral vectors. 13, 24 We and others have previously tested some forms of dual therapy on various tumor models. For example, the combination of TRAIL and chemotherapeutic agents has been examined in vitro and in vivo. 14, 15, 29 We and others have examined the effect of an oncolytic adenovirus expressing TRAIL in various tumor models. 13, 24, 34 In this context, it is important to point out that adenoviruses expressing TRAIL have been used at an MOI of 10-100 (pfu per cell) to achieve significant infection of human cancer cells. 13 However, this relatively high viral dosage might not be clinically achievable. In contrast, oncolytic VV, with its great capacity to carry genes and its powerful promoters to drive gene expression, is an excellent vector to achieve forced expression of membrane-bound TRAIL on target cancer cells. One great advantage of using a replicating VV is its rapid replication and it is spread among cells in tumor tissue.
Based on these observations, we hypothesized there would be efficacy in combining chemotherapy with an oncolytic VV armed with TRAIL gene. We have Ox sensitized the cancer cells to vvTRAIL-mediated cytotoxicity. Further analysis of key proteins in the apoptosis pathways in cells treated with various agents had somewhat surprising results. The expression of TRAIL on the cell surface of cancer cells was associated with downregulation of anti-apoptotic protein Bcl-xL, upregulation of pro-apoptotic protein Bak and increase of cleaved caspase 8 and PARP, which are the hallmarks of apoptosis. However, we observed little, if any, of these changes in cancer cells treated with Ox or vJS6, the parental oncolytic poxvirus. These data do not suggest a mechanism whereby the observed sensitization to TRAIL by oxaliplatin occurred. There may have been a significant amount of necrosis, rather than or in addition to, apoptosis in cells treated with Ox or VJS6.
The efficacy seen in vitro was also seen in in vivo models. The carcinomatosis models used in this study are essentially confined to peritoneal cavity, and we have treated the disease with regional delivery of vvTRAIL and/or Ox. This regional delivery may be much more effective than intravenous administration for treating peritoneal carcinomatosis. 41 It is important to point out that there are frequently disseminated metastases in multiple organs at late stage of the disease in cancer patients, and one great advantage of oncolytic viruses, such as VV, is that they could be delivered systemically to target metastases in multiple organs. 9, 11, 12, 42 Combination of oncolytic virotherapy, chemotherapy and/or immunotherapy has been investigated in recent pre-clinical and clinical studies. [43] [44] [45] [46] [47] [48] Indeed some promising results have been obtained in animal models and in clinical studies with human patients. [43] [44] [45] [46] [47] [48] We believe that further optimizations of each component of the therapeutic modality would maximize the overall therapeutic effects. Towards this goal, investigators have been working to improve oncolytic virotherapy not only by genetic engineering of the oncolytic viruses themselves, but also by modulating the host tumor microenvironment for optimal oncolytic effects from these viruses. 43, [49] [50] [51] Finally, a small-molecule drug regulatable expression of cancer cell death-inducing molecules such as TRAIL in conjunction with a replicating oncolytic poxvirus would exert a better synergistic effect in such a combination therapy. 52 
Materials and methods
Cell culture
The colorectal cancer cell lines of both human (HCT116 and DLD1) and murine (MC38) origins have been used in our laboratories previously. 17, 18, 27 HeLa and CV-1 cells have been used extensively in our laboratories for viral plaque assays and the production of viral stocks.
Construction of vvTRAIL
In order to generate cDNA-encoding murine TRAIL (approved gene symbol tnfsf10), total RNA was isolated from splenocytes isolated from a C57BL/6 mouse using TRIzol reagent according to the manufacturer's instruction (Invitrogen, Carlsbad, CA, USA). Primers for PCR were generated from the published murine tnfsf10 mRNA sequence (GenBank accession no: NM_009425) with flanking SalI and EcoRI sites. RT-PCR using these primers and total RNA from mouse splenocytes was carried out to obtain the TRAIL cDNA. The cDNA was then isolated from an agarose gel and digested with SalI and EcoRI and inserted into pCB023-II, a vaccinia shuttle plasmid with flanking regions covering thymidine kinase homologous regions. The pCB023-II-TRAIL plasmid was amplified and purified from Escherichia coli DH5a cells. The inserted DNA was sequenced to confirm its identity.
vvTRAIL was produced in CV-1 cells by a procedure of homologous recombination of transfected plasmid DNA pCB023-II-TRAIL and infection with the parental thymidine kinase-deleted virus vJS6. 16, 17 Homologous recombination resulted in the insertion of the TRAIL Combination therapy for colorectal carcinomatosis MF Ziauddin et al gene into the tk locus of the virus, removing the b-gal gene in the parental vJS6. The caspase inhibitor z-VADfmk (20 mM) was included in the media of the transfection mixture and subsequent clone isolation. PCR was then used to confirm the correct viral construct in selected clones. The vvTRAIL virus was expanded in HeLa cells without the presence of z-VAD-fmk in the medium. All viral titers were determined by plaque assays on CV1 cells. All virus samples were sonicated for 2 min before being used in any experiment.
Flow cytometry
For flow cytometric analysis of TRAIL receptors, cancer cells were mock-treated or treated for 24 h as specified with Ox (Sigma-Aldrich, St Louis, MO, USA), vJS6 or the combination of Ox and vJS6. Cells were then harvested by trypsinization and washed with 1 Â PBS containing 0.5% BSA. The human colon adenocarcinoma cells were then incubated for 30 min on ice with phycoerythrinconjugated mouse anti-human antibodies against DR4, DR5, DcR1 and DcR2 (R&D Systems, Minneapolis, MN, USA). Excess unbound antibody was removed by one wash with PBS containing 0.5% BSA. Cells were then submitted for flow cytometry. MC38 cells were similarly evaluated for expression using antibodies against the murine functional TRAIL receptor DR5 (R&D Systems) and the murine decoy receptors DcR1 and DcR2 (Abcam, Cambridge, MA, USA).
For flow cytometric analysis of murine TRAIL expression, DLD1 cells were infected with vvTRAIL at an MOI of 0.25, and samples were harvested at 6 h intervals to evaluate the expression of murine TRAIL in these cells. Comparative expression of murine TRAIL in cells treated with vvTRAIL in combination with Ox at 1.0 mg ml À1 was also evaluated. Cells were seeded in 10-cm plates at predetermined densities. After an overnight incubation, the cells were incubated with the virus for 2 h in medium supplemented with 2% FBS. The medium was then changed to medium supplemented with 10% FBS, with or without Ox. Cells were harvested by trypsinization and washed with PBS with 0.5% BSA. The cells were then incubated for 30 min on ice with phycoerythrinconjugated mouse antibodies against mouse TRAIL or the appropriate isotype control (Biolegend, San Diego, CA, USA). Excess unbound antibody was removed by one wash with PBS containing 0.5% BSA. Cells were then submitted for flow cytometry. untreated cells, Ox-treated cells and cells treated with the parental virus (vJS6) served as controls. In anticipation that there would be apoptotic cell death with the expression of murine TRAIL and that such cell death would limit evaluation of TRAIL expression, some samples were treated with ZVAD 20 mM (R&D Systems) beginning 2 h before viral infection.
Cell proliferation assay
Cells were seeded in 96-well plates at predetermined densities appropriate for each cell line (from 5.0 Â 10 3 to 1.0 Â 10 4 cells per well). After an overnight incubation, the cells in designated wells were infected with various MOI's of vJS6 or vvTRAIL. The cells were incubated with the virus for 2 h in medium supplemented with 2% FBS. At the end of this incubation, medium containing 10% FBS and various concentrations of Ox was applied to the designated wells. After 24 h, the medium in all wells was replaced with maintenance medium without Ox. Cell viability was assessed 96 h after viral infection using an MTS assay kit (Promega, Madison, WI, USA).
Apoptosis assay
Cells were seeded in 10-cm plates at predetermined densities. After an overnight incubation, cells were incubated for 2 h with virus (vJS6 or vvTRAIL) in DMEM containing 2% FBS. The medium was then replaced with maintenance medium with or without Ox. The medium in all plates was replaced with maintenance medium 24 h after the addition of Ox. Cells were stained 48 h after viral infection with annexin Vphycoerythrin and 7AAD using an Annexin V-phycoerythrin apoptosis detection kit (BD Pharmingen, San Diego, CA, USA) according to the manufacturer's instructions.
Western blots
Cancer cells were grown in 6-well plates and mocktreated or treated with one of the following agents or combinations: Ox, vJS6, vvTRAIL or Ox in combination with either vJS6 or vvTRAIL. Cancer cells in another well were treated with 100 mM of etoposide (Sigma-Aldrich) was used as a positive control for apoptosis. Cells were harvested at various time points and whole cell extracts were prepared in cell lysis buffer supplemented with protease inhibitors (Roche Applied Science, Mannheim, Germany). Protein concentration was determined by Bradford method using a kit (Pierce Biotechnology, Rockford, IL, USA). In all, 10 mg of proteins from the extracts were separated using SDS-PAGE, and western blots were carried out as described previously. 18 The antibodies against human Bak, Bax, Bcl-xL, cleaved PARP and caspase-8 were obtained from Cell Signaling Technology (Beverly, MA, USA).
Analysis of the effects of combined drug and biological treatment
The Chou and Talalay equation was used for the analysis. When the two agents were administered in combination, the dose of the combination required to produce fractional survival (f) could be separated into the components (D) 1 and (D) 2 of drugs 1 and 2, respectively. For each level of cytotoxicity (f ¼ 0.95, 0.90 and 0.05), a parameter called the CI was calculated using the CalcuSyn software (Biosoft, Cambridge, MA, USA) according to the Chou and Talalay equation: 32 CI ¼ 
Animal studies
The animal studies were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Female athymic nude mice and C57BL/6 mice 5-6-weeks old were obtained from Taconic Corporation (Germantown, NY, USA). They were housed in standard conditions and given food and water ad libitum.
For the human HCT116 colorectal carcinomatosis model, athymic nude mice (n ¼ 10 mice/group) were injected intraperitoneally with 1 Â 10 7 HCT116 cells.
Combination therapy for colorectal carcinomatosis MF Ziauddin et al Twelve days after tumor cell injection, the mice were treated with intraperitoneal administration of Ox (2.5 mg kg À1 ), vJS6 (1.0 Â 10 6 pfu), vvTRAIL (1.0 Â 10 6 pfu) or combinations of Ox with either of the viruses. Virus (either vJS6 or vvTRAIL) were administered on day 12 with non virally treated mice receiving equivalent injections of vehicle. Ox (2.5 mg kg À1 ) was administered starting the next day (day 13) with repeat treatments every other day for a total of four injections (days 13, 15, 17 and 19) . Animals receiving no chemotherapy were given equivalent injections of vehicle. For the murine model, C57BL/6 mice were injected intraperitoneally with 2 Â 10 5 MC38 cells, followed in 7 days by intraperitoneal administration of Ox, vJS6 (3.0 Â 10 6 pfu), vvTRAIL (3.0 Â 106 pfu) or combinations as described above. All animals were observed for survival and survival data were plotted on Kaplan-Meier curves.
Significance of survival differences between groups was tested using the log-rank test.
Statistical analysis
The differences among the treatment groups were assessed by using an analysis of variance. A P-value o0.05 was considered significant. The analysis of the combined effects of multiple agents was carried out with CalcuSyn software 2.0 (Biosoft, Cambridge, UK). For in vivo studies log-rank tests were used to determine survival differences between treatment groups.
